Stability of the thumb carpometacarpal joint relies upon equilibrium between its ligaments, muscular support and joint congruity. We wanted to identify the muscles important in preventing or increasing dorsoradial subluxation of this joint. In ten cadaveric hands, a Fastrak ® motion tracking device was used to assess the effects of individual isometric muscle loading on the base of the thumb metacarpal relative to the radius and to the base of the middle finger metacarpal. We found that the first dorsal interosseous muscle caused the least dorsoradial translation and highest distal migration of the base of the first metacarpal, whereas abductor pollicis longus was the primary destabilizer, increasing dorsoradial misalignment. The findings show different impacts of these muscles on joint alignment and stability, which suggests that treatment should be targeted to enhance the action of the primary stabilizing muscle, the first dorsal interosseous muscle.
Introduction
For the hand to function properly, the thumb needs to provide a wide range of mobility and be able to resist substantial amounts of load without yielding. The equilibrium between the different stabilizing forces acting on the thumb carpometacarpal (CMC) joint may be disturbed by trauma or degenerative osteoarthritis. When this occurs, the base of the first metacarpal tends to displace dorsoradially and the thumb CMC becomes progressively painful and stiff. This makes any attempt to pinch or grasp objects difficult (Riemann and Lephart, 2002; Sharma, 1999) . Thumb CMC osteoarthritis occurs because of a combination of four factors: (1) genetic predisposition to osteoarthritis; (2) joint incongruity; (3) insufficiency of the thumb CMC ligaments; and (4) a poorly tuned neuromuscular control of joint alignment (Brandt et al., 2006 (Brandt et al., , 2009 . The impact of thumb muscles on the thumb CMC joint alignment during isometric conditions has yet to be fully described. This study examines how the muscles act independently upon the thumb CMC joint and hence adds knowledge on how the joint may be affected in instances where neuromuscular balance has been disturbed. We hypothesized that the muscles acting on thumb CMC joint may have either a stabilizing or destabilizing effect on the joint alignment. The goal of this study was to examine the role of individual thumb muscles acting on the basal thumb joint during isometric conditions.
Material and methods
This study is based on the analysis of ten fresh frozen human cadaveric hands and forearms (four female and two male, six right and four left hands) with a mean age of 73 years (range 67-80) and no signs of thumb CMC osteoarthritis. The specimens were dissected and handled according to the ethical guidelines of our institution and the regulations on the care and use of donated bodies for experimentation. Prior to the experiments, the cadavers were X-rayed to ensure that there were no signs of thumb CMC osteoarthritis. The specimens were thawed at room temperature, cut below the elbow and transected at the middle-third of the forearm. Fingers 2-5 were disarticulated at the metacarpophalangeal joints ( Figure 1 ). All soft tissue was removed, except:
(1) thenar muscles and tendons; (2) the trapeziometacarpal ligaments; (3) the flexor and the extensor retinaculum and all carpal ligaments; (4) the most distal portion of the thumb; and (5) the tendons of the extrinsic muscles. Both the origins and insertions of the intrinsic thenar muscles were marked with pins.
Following dissection of the specimens, one 2.4 mm Steinmann pin was drilled across the interphalangeal joint of the thumb to simulate a fully stable articulation. Another 2.4 mm Steinmann pin was drilled intramedullary along the middle finger metacarpal from distal to proximal, which was firmly fixated to the upper frame of the jig with adhesive banding to ensure sagittal and coronal stability. The pins were inserted to ensure that all thumb motion occurred only in the metacarpophalangeal and CMC1 joints. The specimens could then be placed in a jig ( Figure 2 ) designed to allow specific movements. This type of experimental model has previously been used to study the effect of muscles on the motion of different parts of the carpus (Kobayashi et al., 1997; Leon-Lopez et al., 2014; Salva-Coll et al., 2011 , 2012 . The pin in the middle finger metacarpal was fixed vertically onto the semi-circular frame at the top of the jig, while the pin crossing the interphalangeal joint (IP) joint of the thumb was also attached to the jig using a gliding device. To prevent unwanted forearm and carpal movements, another set of pins were drilled through the diaphyses of the radius and ulna and into the jig itself.
To detect spatial changes, we used a threedimensional motion tracking system (Fastrak ® system, Polhemus Inc., Colchester, VT, USA). This system included: (1) a short-range (2.5 to 60.9 cm) magnetic field transmitter, fixed on the horizontal surface of the testing jig; (2) two sensors drilled into the bases of the first and third metacarpals (S1 and S2, respectively); and (3) a third sensor (S3) positioned in the dorsal Figure 1 . Preparation of specimens. The metacarpophalangeal joints were disarticulated for digits 2-5 and the specimens were transected at the middle-third of the forearm. The tip of the thumb and all thenar muscles, tendons, trapeziometacarpal ligaments, flexor and extensor retinaculum and carpal ligaments were preserved. aspect of the distal radius, approximately 5 cm proximally from the joint (Figure 3) . The system allowed evaluation of the spatial position of the sensors S1, S2 and S3 relative to a fixed coordinate system (x, y, z) based on the jig (Figure 4) . Changes in the distances between the sensors could thus be detected and further analysed. Using this data, we calculated the threedimensional distance between S1 and S2, and between S1 and S3, in both unloaded and loaded conditions. The sensors operate at a frequency of 40 Hz. This system has an accuracy of 0.15° for spatial orientation and 0.08 mm for its marker positioning.
Nylon strings were attached to the insertion sites of the transected tendons. To simulate muscle tone, all tendons were individually loaded with a hanging weight of 1 N and this served as a baseline position, or neutral muscle tone. To simulate isometric muscle contraction, the tendons were further loaded with weights proportional to their muscle's physiologic cross-sectional area (Jacobson et al., 1992) (Table 1) , adapted for experimental purposes. Nine muscles acting on the thumb CMC joint were examined; five intrinsic muscles (abductor pollicis brevis, adductor pollicis, flexor pollicis brevis, opponens pollicis and the first dorsal interosseous muscle (FDI)) and four extrinsic muscles (flexor pollicis longus, abductor pollicis longus (APL), extensor pollicis brevis, and extensor pollicis longus).
In this experiment, the thumb was set in neutral abduction-adduction, and neutral flexion-extension; that is, in the position where joint congruency is meant to be maximal ( Figure 2 ). All nine muscles were loaded and examined one at a time in order to examine their individual impact on thumb CMC alignment.
For each specimen and muscle tested, the Fastrak ® automatically determined the position of the sensors as many times as necessary until the tested muscle was entirely stabilized in its position. Each muscle was tested in this manner five consecutive times. After each set of testing, the system was reset to zero in order to ensure a new reference point after tissue loading, thus minimizing errors of measurement. The mean of the five consecutive tests was used for subsequent analysis. At the end of the The change in the distance between sensors S1 and S2 (ΔS1↔S2) has been interpreted as an indirect determination of the movement of the base of the first metacarpal relative to the fixed third metacarpal. Sensors S1 and S3 (ΔS1↔S3) quantify of the vertical migration (proximal or distal) of the first metacarpal. Figure 4 . The Fastrak ® sensors detect spatial changes based on a three-dimensional motion tracking system. This system could detect and analyse the spatial position of the sensors S1, S2 and S3 in relation to a stationary coordinate system (x, y, z) based on the jig. experiment, all specimens were opened up and visually examined to further exclude signs of osteoarthritis in the joint, which may have been undiagnosed by the radiographs. The values obtained after individual assessment of muscles were statistically analysed using repeated measures analysis of variance with post hoc Bonferroni analysis.
Results
Changes in the distance between the sensors after individually loading each muscle, are expressed in millimetres ( Figure 3 ) and compared with neutral tone. The distances between the two metacarpal sensors are represented as ΔS1↔S2 and ΔS1↔ S3, with a level of statistical significance set to 0.05 (p < 0.05).
The distance between sensors S1 and S2 (ΔS1↔S2) represents motion of S1 in the transverse plane, with a positive value indicating separation of the sensors owing to a combination of a pronation of the first metacarpal and increased separation of the two metacarpals.
The ΔS1↔S2 measurement was only positive when loading the opponens pollicis muscle (1.15 mm); all other muscles caused a reduction in the distance between S1 and S2 ( Figure 5 ). The muscle resulting in a maximal decrease of this parameter was the FDI (-2.1 mm), which reduces radioulnar or horizontal shift of the thumb metacarpal (ΔS1↔S2).
The change in the distance between sensors S1 and S3 (ΔS1↔S3) quantifies vertical displacement of the sensor S1 (Figure 3) , with a positive value indicating a combination of a distal migration and flexion of the first metacarpal. The APL was the muscle that decreased the distance between S1 and S3 most (-4.97 mm) . In contrast FDI had the opposite effect and was the only muscle that caused an increase in the distance between the sensors ΔS1↔ S3 (0.53 mm) ( Figure 5 ).
Discussion
Our analysis of the thumb CMC has addressed the impact of isometric loading of different muscles on joint alignment. Isometric exercise, meaning a muscle contraction occurring at a fixed joint angle with preserved muscle length, is used to treat patients with joint instability and for restoration of proper neuromuscular control (Hagert, 2010) . Similar conditions apply to the wrist following neuromuscular alterations, where instability, weakened musculature, reduced range of motion and even clunking of the wrist can occur (Garcia-Elias, 2008) .
Clinically, a lack of neuromuscular coordination is often noted in patients with thumb CMC osteoarthritis (Van Heest and Kallemeier, 2008) . A recent publication that assessed the effect of neuromuscular re-education in patients with thumb CMC osteoarthritis revealed a significant improvement using specific training of the FDI, with reduction of pain and disability as compared with traditional thumb CMC osteoarthritis training (O'Brien and Giveans, 2013) . The positive effect of the FDI was first noted by Brand and Hollister and was described as an important stabilizer of the thumb CMC that counteracts the effects of dorsoradial subluxation (Brand, 1993) . Subsequent studies have also suggested the FDI is a stabilizer of the thumb CMC (Boutan, 2000; Masquelet et al., 1986; Witthaut and Leclercq, 1999) . Our study supports that the FDI is principally a muscle that counteracts dorsoradial imbalance and bony malalignment, a phenomenon often noted in thumb CMC osteoarthritis. Neuromuscular imbalance and muscular weakness is often a predisposition for the development of osteoarthritis (Brandt et al., 2006 (Brandt et al., , 2009 Sharma, 1999) . Muscle weakness may result in an abnormal or imbalanced force upon the joint; which often leads to joint instability, pain and altered reflex patterns (Hagert, 2012; Lephart and Fu, 2000; Sharma, 1999) . Therefore, we propose that strengthening exercises of the FDI should be included as a part of the rehabilitation regime of the patient with early thumb CMC osteoarthritis.
In our study, FDI loading caused the largest reduction of the distance between S1 and S2, and the highest level of vertical displacement in a distal direction of the base of the first metacarpal relative to the radius. FDI thus has the most advantageous effect on the thumb CMC and should be included in a preventive neuromuscular re-education programme of patients with thumb CMC osteoarthritis, prior to surgery, following trauma and also as a part of postoperative rehabilitation.
Our study also showed that the APL had the least beneficial effect on the joint with the largest reduction of the distance between S1 and S3. APL sometimes has a variable insertion and therefore can have different effects on thumb function. The APL may insert on the proximal MC1, other carpal bones or may even reinforce the volar thumb CMC capsule (Brand, 1993) . As such, the APL has previously been suggested to play a harmful role in the development of thumb CMC osteoarthritis and it has even been advocated to perform a tenotomy of accessory APL tendons in early thumb CMC osteoarthritis (Zancolli, 2001) . Interestingly, APL has historically been named 'extensor ossis metacarpi pollicis' (Brand, 1993) , as it abducts with regard to the neutral body position, but it actually extends and abducts the thumb. APL may consist of numerous slips and is biomechanically an extensor and abductor of the thumb. Extension and abduction of the thumb may lead to the dorsoradial subluxation, which is often seen in patients with late-stage thumb CMC osteoarthritis. Our findings suggest that isometric loading of the APL is likely to generate both an increased compression and dorsoradial shear stress within the thumb CMC, which may contribute to formation of thumb CMC degeneration.
The effect of variable APL insertions on the thumb CMC was not part of our present study. Anatomical APL variation is asymptomatic and often found incidentally during surgery or in cadavers. The role of APL's supernumerary slips in the development of osteoarthritis remains debated, as the incidence of thumb CMC osteoarthritis has not been proven to be influenced by the number of tendon slips (Schulz et al., 2002) . In our study, we chose to load APL as a single slip, since the main tendon of the APL is described to consistently attach to the first metacarpal laterally (Brand, 1993; El-Beshbishy and Abdel-Hamid, 2013) .
Our study has several limitations. It is a cadaveric study that simulates the effect of isometric joint loads. We have adhered to known data on physiological muscle function to mimic, as closely as possible, the function of muscles. Given the nature of thumb CMC motion, our measurements of changes in sensor distances will invariably also include some elements of pronation-supination, which have not been accounted for in our experimental set-up. Finally, we investigated the role of muscles on the thumb CMC during isometric load, whereas thumb function entails both dynamic and isotonic muscle functions, which could not be assessed in our study.
Based on our findings, thumb CMC muscles either serve as stabilizers or destabilizers with regard to the joint; a relationship that can also be seen in the wrist (Salva-Coll et al., 2011) . Our results indicate that APL destabilizes the joint, with a predisposition towards proximal vertical displacement and dorsoradial subluxation, whereas FDI promotes widening of the CMC1 joint space through a distal and ulnar elevation of the first metacarpal.
While this study illuminates the function of individual muscles of thumb CMC, additional studies are needed to understand whether alternative conditions apply to the osteoarthritic joint. Our results suggest that strengthening exercises of FDI may be a method to support the thumb CMC and delay possible osteoarthritis progression in early stages of the disease or following trauma.
